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ABSTRACT 

Manned space f l i gh t  offers significant opportunities f o r  the 
application of Operations Research t o  problems of support system 
planning. Launch base planning comprises t radi t ional  problems such 
as the  development of maintenance policies including possible preven- 
t i v e  maintenance, and new problems such as countdown planning where 
mathematical models can account f o r  operational. factors and be used 
t o  help improve launch effectiveness. 
i n  space requires the resolution of problems i n  decision making, 
Spare p a r t s  kit planning, optimal timing of ac t iv i t ies ,  and other 
problems requiring an operational-mathematical approach. 
explores applications of Operations Research t o  the planning of 
support aspects of the Apollo mission and system, and against this 
background, generalizes t o  the potential  roles of Operations Research 
i n  planning f o r  the  support of manned space f l i gh t .  

Support planning f o r  missions 
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f l i gh t  offers significant opportunities f o r  the 
application of Operations Research t o  problems of support system 
planning. 

similarities between f i e lds  of OR application and t o  explore areas of 

mutual i n t e re s t  t o  persons operating i n  diverse f i e lds .  

the f ie ld  of support planning f o r  manned space f l i g h t  i s  appropriate 
f o r  discussion i n  this context. Moreover, it i s  an area where, I 

believe, we as a professional body can make useful and significant 

contributions t o  both our national goals i n  space and general s c i en t i f i c  
exploration of space. 

One of our purposes during t h i s  meeting i s  t o  demonstrate 

I believe t h a t  

Manned space f l i g h t  begins at the  launch f a c i l i t y ,  which l i k e  
other facillties, comprises systems of E n  and equipment which must 

be planned, designed, and operated so as t o  accmplish t h e i r  objec- 
t i v e s  In  an e f f ic ien t  and econcxnical manner. These are famillar words 
and they are ref lected i n  familiar problems f o r  the operations researcher 
engaged i n  the  planning of support systems f o r  manned space f l i gh t .  I 
am going t o  discuss several of these problem areas, and as I have been 
asked t o  do, I w i l l  emphasize the broad, policy aspects of these areas. 
But because some of these problems are familiar, I w i l l  be purposely 
brief here so as t o  have sufficient t i m e  t o  discuss some of the less 
f a m i l i a r  problems associated with planning f o r  effectiveness of opera- 
t i ons  and f o r  survival I n  space--for this i s  the primary mission of a 

support system i n  a space environment. 
The problems tha t  I wi l l  present have ar isen during our study, at 

RAND, of Apollo support operations. 
problems t o  other manned space missions w i l l  be evident as w i l l  be the 

present and future roles of Operations Research i n  planning f o r  these 

missions . 

I believe the  extension of these 

SUPK)RT OF PRELAUNCH OPERATIONS - 
Any study of support operations must start samewhere. Let's assume 

t h a t  we can start with a sewence of physically required prelaunch 

operations that begins with the arrival o? p a r t s  at the launch base and 
culminates in the launch, and a broadly s ta ted  launch objective. This 
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broad objective w i l l  ref lect  the policy, goals, and operational philos- 
ophy of the organization that w i l l  launch the space vehicle. One such 
objective is  th i s :  

The general obJective of prelaunch operations i s  the 
preparation of the space vehicle f o r  launch i n  a safe, 

economical, and eff ic ient  manner and the launching of the 
space vehicle in to  a ready range, within a specified time 
window and i n  a condition that i s  ccxnpatible with i t s  
mission requirements. 

The primary requirement of t h i s  objective i s  t h a t  the space vehicle 

be prepared f o r  launch. Clearly, this preparation must be conducted i n  

a manner that  presents low hazards t o  the ground crew, but it i s  recog- 
nized i n  this objective tha t  a tradeoff could exist between safety and 
the objective of launching in a t imely  manner, i . e . ,  in to  a launch 
window, o r  between safety and efficiency, f o r  example. 

The economy and efficiency implied by this objective are of the 
broadest nature; they refer  t o  the to t a l  costs i n  manpower, equipnent, 
dollars, time, and whatever other resources are consumed in preparation. 

ImpUed by t h i s  objective, then, is the requirement t o  plan the sequence 
of ac t iv t t i e s  so tha t  the launch objective is m e t  f o r  the lowest feasible 
cost consistent with t h i s  launch objective. Yet, t o  obtain these goals 
alone is  not the objective, but t o  obtain these, while a lso meeting 
the other goals, such as safety. 

I n  summry, t h i s  objective is, a t  the same t i m e ,  a synthesis of 

numerous goals and a framework for numerous predesign studies and 
tradeoffs. Moreover, t h i s  overall objective implies objectives f o r  
each of the activities i n  the prelaunch sequence. 

This broad launch objective must now be projected in to  a sequence 
of objectives fo r  each major part of the system--the ground system, 
the lsunch range and the  space vehicle--for each of the physically 
necessary steps--the mating, preparing, and launching ac t iv l t ies .  This 

i s  In part an operations research problem, f o r  It requires the logical  

structuring of 8 set of objectives, each of which contributes, accord- 
ing t o  a series-parallel Bsrangement, t o  the overall  launch obdective. 
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These objectives must be consistent with the philosophy of the launch- 

ing organization--but, at  the same t i m e ,  they w i l l  help shape tha t  
organization's philosophy, t o  the extent that new ideas embodied i n  
the objectives are adopted. And, this consistency is crucial .  From 
these objectives one can develop measures of effectiveness upon which 
subsequent analytical effor ts  w i l l  be based. 

not consistent with the organization's prior--or adopted--philosophy, 

then the resul ts  of studies based on these objectives w i l l  potentiaiiy 
be discordant with the views of those who must take action based on 

the study resul ts .  

If the objectives are 

Once the objectives and measures are known, analytical  approaches 
can be made t o  the problems inhe ren t  t o  launch base planning. 
such problems are these: 

Among 

The quantity and location of the var ious f a c i l i t i e s  fo r  preparation 
and launch. A launch base, such as the  one being prepared t o  handle the 
Apollo, will be used f o r  numerous space programs. If one were involved 
i n  the planning of such a base, then presumably he would know the rate 
at which space vehicles must flow through the f a c i l i t i e s  t o  meet the 
various launch demands. 
O R - t y p e  problem. ) 
flow diagrems and operation time estimates, and considerations of 
engineering economics can then be coupled with our methods 
with stochastic processes, e.g., queuing theory and Markov chain theory, 
t o  provide planning aids f o r  questions of haw m y  are needed of various 
f a c i l i t i e s  . 

(Selecticm of a preferred rate is  also 811 

Classical industrial  engineering techniques involving 

f o r  dealing 

The characterist ics of melaunch maintenance. H e r e  the usual 
problems of planning f o r  econamic maintenance including possible planned 

replacement must be resolved. 
already been done i n  this area so tha t  here too we are on familiar 

ground. 
the characterietics of the space vehicle: 
wear-out characterist ics? How much operatian i s  adequate for burn-in 
and passage through the infant mortality stage? H e r e  too, however, 

we cannot neglect the pollcies and philossphy of the launching organi- 

zation. 

Fortunately, a wealth of good work has 

The unfamiliar aspects of these problems revolve largely about 
What are the fa i lure  and 

Chances are that they w l l l  have been i n  the  vehicle preparation 
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and launching business for  quite s a n e  tiim, and will have strong 
views based on experience. 

attention, e i ther  t o  accept i n to  the study or  t o  adapt or  modify as 
a consciously considered purpose of t he  study. 

Their a t t i tudes  will require conscious 

Countdown planning for  launch effectiveness. This i s  the last 
prelaunch topic that  T w a n t  t o  discuss, and it i s  one i n  which OR can 
and i s  moving i n t o  new areas of appllcation. 
such as pressure and voltage levels and guidance system alignment 
dominate present planning f o r  prelaunch and countdown ac t iv i t ies ;  
t h i s  planning i s  typical ly  done by engineering staffs fram a predomi- 

nately "hardware" point of view. 
a significant role i n  determining the success of the countdown ac t iv i t i e s .  
By t h i s ,  I man that operational factors such as e q u i p n t  fa i lures ,  
human errors, tes t ing  errors,  and range problems have a significant 
impact on the success of the launch attempt; t h e i r  impact i s  potentially 
as important t o  the launch as are such " h a r d w a r e "  factors  as guidance 
system accuracy and ground-to-vehicle telemetry compatibility. 

OR study f o r  countdown planning should be concerned with the problem 
of adequately accounting f o r  these operational factors  when planning 

the c o u n t d m  activities 

Physical requirements 

Operational factors  play, however, 

An 

During our RAM> work f o r  NASA we have taken several approaches t o  
developing a model of a countdown tha t  can be used for  planning and 

evaluation purposes. 
general Markov process and a campltational search routine, while another 
u t i l i z e s  a Monte Carlo model t o  describe a countdown i n  terms of i t s  
stochastic and deterministic properties. 
combine engineering with operational, probabilistic m o d e l  building-- 
but that is a combination with which many operations researchers have 
worked f o r  a long time. 
frsme of reference i s  not. 

One approach combines l i nea r  programing with a 

These models necessarily 

So that, while the  application is new, the  

So much fo r  the prelaunch study areas where operations research 
can be applied t o  support system planning f o r  manned space f l i g h t .  
I believe it i s  fair t o  conclude t h i s  part of my t a l k  by observing tha t :  

t o  an OR practi t ioner,  the operation of a launch f a c i l i t y  f o r  going t o  the 
moon, or Further, i s n ' t  really much different  than the  operstion of many 
other systems on earth. 
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SUPPORT O F  IN-SPACE OPERATIONS 

Any divlsion of ac t iv i t ies  between primary mission operations 

and support operations must contain a certain degree of arbitrariness.  
My definit ion of support operations fo r  in-space missions w i l l  i l l u s t r a t e  
this point. Operations that  support space missions are those tha t  

provide the supplementary capability, i .e. ,  that  i n  excess of the 
mission-oriented use of the basic prime equipment, t o  survive and 
achieve a successful mission. I l lustrat ive of the ac t iv i t ies  and 
problems i n  t h i s  category are maintenance, timing of checkout and 
Wntenance operations, the checkout operations themselves, and, by 
association, the formal process of decision-making based on checkout- 
obtained data. 

spare parts k i t  planning and optimal patterns of redundancy. 
ing with the purpose of my talk,  I w i l l  explore the application of 
operations research t o  the solution of planning problems i n  these areas. 

Support planning also encompasses such problems as 
I n  keep- 

Let's start with the most familiar area--that of spare parts  k i t  

planning. 
Problem f o r  aircraft spares planning we have called t h i s  the Blastaway 

Kit Problem. The problem is  this: the  weight, and perhaps the volume, 
that can be allocated t o  spare parts t o  be carried aboard a spacecraft 

are limited. 

desirable cannot be carried. Therefore, spare part weight must be 

allocated among the alternative spares according t o  so= optimizing 

policy. 
decision rule.  

Because of its similarity t o  the classical  Flyaway Kit 

Due t o  t h i s  limitation all the spares that  would be 

The problem is  t h a t  of generating this optimizing policy or  

Organizational and operational philosophies enter in to  t h i s  

problem i n  the very beginning; an objective fo r  the spare p a r t s  ldt 

mst be selected. This requires a selection fran such objectives as: 
o To maximize the probability t h a t  no fa l lures  w i l l  occur 

fo r  which a spare part is not available, o r  
o To maximize the expected number of potential  f s i lu res  

for which spare parts are available. 

Once en objective, reflecting the organizational philosophy, has been 
selected an objective function can be developed and the probbm resolved. 
The mathematics of operations research are useful fo r  obtaiuing a 

solution. 
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Developing a maintenance concept fo r  use i n  a spacecraft, or  f o r  

use on the lunar surface, for  example, i s  also a problem with many 
elements tha t  are familiar t o  the operations researcher. 

t h i s  fo r  many earth-borne systems. 
problem i n  a space envlronment. 

costly and needed for  prime mission equipment. 
position requires body constraints. 
operations i n  deep space require a degree of self-sufficiency f a r  i n  

excess of t h a t  encountered on earth--i t 's  a long way t o  the nearest 
depot. 

weightlessness and space-mission stresses are s t i l l  matters of specu- 
lat ion.  
unnecessarily conservative ways to hedge against these uncertainties, 
l i ve  within the constraints, and meet the mission requirements. 

Another problem that has received attention i n  the space support 
As 

:le have done 

W r t ,  there are new twists t o  t h i s  

Weight and volume are  exceptionally 
A naintcnance work ix  

A prolonged stay i n  space and 

Moreover, man's capabilities after prolonged exposure t o  

Hence, i n  our studies we must f ind meaningful and not 

planning ama i s  tha t  of mission effectiveness simulation models. 
i s  typical  fo r  large systems, the system itself is an expensive and 
therefore unlikely mechanism f o r  determining o r  evaluating new plans 
o r  procedures. 
l a t ion  and modification. 
for  overall mission effectiveness estimation ere of limited u t i l i t y .  
A spacecraf't has more modes of operation and significant parameters, 

and a mission with more possible paths than analytical techniques can 
feasibly handle. Hence, we employ Mmte Carlo simulation techniques. 

The techniques employed and the  problems inherent t o  t h e i r  application 

are similar t o  those i n  many other areas of system simulation; only 
the problem context and variables employed are significantly different.  
Being a powerful tool, we f ind it useful f o r  d i f f i cu l t  problems. 

example, it can be used t o  evaluate alternative maintenance policies 
and alternative decision policies. 
s e n s i t i v i t y t e s t s  of the  dependence of mission success t o  such planning 
factors  as spare parts allotmente, number of back-up modes, and test  

capaM li t y . 

A m o d e l  of the system i s  mch more amenable t o  manipu- 
For manned space missions, analytical  models 

For 

It i s  also useful f o r  i n i t i a l  
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Same interest ing analytical  problems ar i se  i n  planning the 
timing of checkout and maintenance ac t iv i t i e s .  
a c t i v i t i e s  arises i n  t h i s  context. During the course of a manned 

space mission, changes i n  the mission prof i le  mist be made. For 

example, the  Apollo spacecraft must be inserted in to  lunar orbi t  

from a translunar coast. This operation requires tha t  certain space- 
c ra f t  equipments be i n  operating conditions. 
resu l t s  could e i the r  be undesirable o r  catastrophic. 

of these systems must be timed s o t h a t  any necessary maintenance can 

be performed ( i n  a time given by a probabili ty dis t r ibut ion)  but not 

so ear ly  that unnecessary operating time i s  accrued by c r i t i c a l  systems 
with the  attendant problem of possible post-check fai lures .  
problem i s  amenable t o  solution by analyt ical  o r  computational means 
familiar t o  the operations researcher--but first the organizational 
philosophy mist be considered i n  the selectio:! of an o5jective function. 
Do we want t o  maxim€ze same probability of being ready f o r  the t rans i -  
t i o n  a t  a par t icu lar  time? O r ,  do w e  want t o  minimize some loss func- 
t i on  associated with delaying the mission event ( if  t h i s  can be done). 

O r ,  do we want the readiness probability t o  be greater  than some 

lower bound? Once this issue i s  resolved, so too  can be the problem. 

The timing of checkout 

If they are  not, the 

The checkout 

This 

The timing of maintenance ac t iv i t ies  i s  the last problem area tha t  
I will discuss. And, I w i l l  discuss it i n  the context of the lunar 
operations phase of the Apollo mission. 
sion Module lands on the moon, it  may contain failed systems. These 

failures may be known or  unknown. Assuming that they are known, f o r  

example, leads t o  the question of men t o  repair them. A n  in tu i t ive  
solution I s  t o  start immediately t o  repair the known f a i lu re s  and i f  
t he  objective i s  t o  be launch ready a t  all times when on the moon, 
then the  in tu i t ive  answer appears correct.  If, however, the  objective 

i s  t o  maximize the pmbabillty of having no fa i lu re s  a t  the completion 
of the  planned lunar stay, then some i n i t i a l  r e su l t s  point towards the  

des i r ab i l i t y  of delaying t h i s  maintenance. 

research-type problem, amenable t o  straightforward analysis, and 

fielding mission success estimates tha t  depend on maintenance timing 

policies. 

When the  Apollo Lunar Excur- 

Here again i s  an operations 



Conclusion 

In conclusion, we see that there are many problems of support 

planning fo r  manned space f l i gh t  that are amenable t o  solution by 

operations researchers. Some problems are familiar and require only 
the extension of other r e s u l t s  and studies from numerous areas of OR 
application. 
of operations are i n  t h i s  category; countdown planning i s  a notable 

exception, but only because we haven't t r ied it f o r  immannec? space 

vehicles o r  t h e i r  mili tary counterparts, i .e . ,  missiles i n  deve1opmer.t 

phases. To prove tha t  the= is really nothing new under the siin--nor 
on the moon--we found familiar elements i n  the problems we can solve 
fo r  in-fl ight and lunar operations, too. But there the operational 
context i s  much different than that of many problems already faced, 
so that there are new challenges i n  t h e i r  solution. 

Most of the problems associated with the prelaunch phases 

I believe I have demonstrated our usefulness i n  helping plan for 
presently conceived space systems. Moreover, I believe that the 
projection from these problems, resulting from helping plan fo r  Apollo, 
t o  problems t o  be faced i n  planning other space missions i s  evident, 
i n  t ha t  f'uture missions w i l l  require support of t h e  same nature. 
Therefore, support planning problems w i l l  exist i n  f'uture systems, and 
our operations research ta len ts  should be useful f o r  t h e i r  solution. 
Moreover, i f  we follow the pattern of our work i n  other areas, as 
we gain experience with t h i s  problem area, our effectiveness and 

involvement w i l l  increase. 
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